Introduction
In Scandinavia, Scots pine (Pinus sylvestris L.) is an important source of raw material not only for sawn timber but also for the pulp and paper industry. Long-term breeding programmes for Scots pine have usually considered stem volume growth and sawn timber quality as selection traits of primary importance, whereas properties such as wood density has been taken as a secondary trait. However, wood density in Scots pine is important, for example, for strength properties of sawn timber and pulp yield (Ståhl 1988) . In Scots pine, like in other coniferous species, wood density is moderately to highly inherited and shows moderate genetic age-age correlations between juvenile and mature wood. This makes tree selection successful even at a reasonably young age (Zobel and van Buijtenen 1989; Hannrup and Ekberg 1998; Hannrup et al. 2000; Fries and Eriksson 2006) .
In Scots pine, wood density increases from pith to bark most rapidly during the juvenile phase, i.e. within first 5-15 rings from the pith (Persson et al. 1995) . Concurrently, in some cases, an increase in radial growth has been found to decrease at least slightly the overall wood density (e.g. Persson et al. 1995; Wilhelmsson et al. 2002; Peltola et al. 2007 ). However, during the juvenile phase, ring density and ring width do not necessarily correlate negatively in Scots pine (Hannrup et al. 2000) . In addition, a non-significant or a weak positive relationship between them has also been observed (Mörling 2002) .
In the early phase of the stand development, the radial growth of tree stem can be affected by the initial spacing and pre-commercial thinnings (e.g. Persson et al. 1995; Peltola et al. 2007 ). Usually in Finland, Scots pine is planted with an approximate density of 2,000 trees per hectare, with additional regeneration material being obtained by natural regeneration. Alternatively, seeding or natural regeneration can be used. Regardless of the regeneration method, the stand density is usually decreased down to 2,000-2,500 trees per hectare in the tending of the seedling stand with an average tree height of 5-8 m.
According to many previous studies, the climatic factors, especially the temperature in the growing season, affect the radial growth of trees in northern Europe (e.g. Henttonen 1984; Miina 2000; Salminen and Jalkanen 2004; Salminen et al. 2009 ). The effect of precipitation is usually considered to be of minor importance for Scots pine growing under Finnish conditions, as the evaporative demand is low in relation to precipitation (Mielikäinen et al. 1996; Miina 2000) . Contradictorily, Henttonen (1984) suggested that precipitation sum during May to July of the previous summer affected tree ring growth in Scots pine. In central Finland, the radial growth of Scots pine lasts from mid-May to mid-August (Kanninen et al. 1982; Peltola et al. 2002; Henttonen et al. 2009 ) and about 80% to 90% of it happens during June and July, and the remaining 5% and 9% in May and August, respectively (Henttonen et al. 2009 ). For Scots pine, late wood formation (width) seems to be affected by the prevailing temperature between July and August (e.g. Mikola 1950; Leikola 1969; Saikku 1975; Kellomäki 1979; Miina 2000) , while early wood formation (width) correlates positively with May and June temperature (Antonova and Stasova 1993) . Additionally, young trees are more likely to respond to the current climatic conditions, unlike older trees (e.g. Mikola 1950 ). Different genetic entries may show different growth responses to the annual variability of climatic conditions. Similarly, differences may be observed under varying spacing in this respect. However, few studies exist in Finland on the simultaneous effects of genetic entry, spacing and annual variation in climatic conditions (e.g. temperature and precipitation) on radial growth and ring density development from pith to bark in Scots pine. In the above context, the objective of this work was to study how the spacing and genetic entry/origin group affect radial growth (ring width and cumulative diameter development) and ring density from pith to bark in Scots pine and in what sense their annual variability could be explained by the climatic variation.
Material and methods

Experimental data
The material used in this study was harvested in autumn 2008 from a Scots pine spacing trial established in 1987 at Siilinjärvi (trial 1216/01) in central Finland. According to the data obtained from the meteorological station at Kuopio (63°06′ N, 27°41′ E, 85 m above sea level), the average annual temperature ranged from +2.8°C to +5.0°C for the period 1991-2006. The corresponding range for the average January (the coldest month) temperature was −15.3°C to −4.1°C, while the range for the average June and July temperature was +11.1°C to +18.4°C and +14.9°C to +20.8°C, respectively (Fig. 1) . The annual precipitation sum ranged from 492 to 793 mm ( Fig. 1) , while for the growing season (between May and September), it ranged from 179 to 468 mm for the same period. Averages for monthly mean temperatures and precipitation sums for our experimental site during the period of 1991-2006, as well as corresponding time series for monthly mean temperatures during the growing season are shown in Fig. 1 .
The spacing trial is located on old agricultural soil (fertile site) and consists of three different spacing treatments with initial stand densities of 2,000, 4,000 and 8,000-8,200 trees per hectare. In autumn 2000, the widest spacing was left unmanaged (referred later as spacing 1), medium spacing was thinned to 2,000-2,500 trees per hectare (spacing 2) and the narrowest spacing to 4,000 trees per hectare (spacing 3). Furthermore, regardless of spacing, pruning of lower branch whorls was done in order to increase the quality of the lower part of the stem.
In autumn 2008, we selected six genetic entries, all of them having Kanerva pine (plus tree S1101) as a father tree, whereas the mother trees represented Finnish plus trees with a relatively wide geographical range from northern to southern Finland (Table 1) . Five sample trees per genetic entry and spacing were randomly harvested, giving a total of 90 sample trees. We measured tree height and stem diameter at 1.3 m for each sample tree and took sample discs at 1 m height from each sample tree for further analyses of ring width and ring density development from pith to bark.
Laboratory analyses
For ring width and ring density analyses, ring density profiles from pith to bark were measured for each sample tree, using the ITRAX X-ray microdensitometer (Cox Analytical Systems, Göteborg, Sweden) at the University of Eastern Finland, School of Forest Sciences. For this purpose, a radial segment from pith to bark in the north direction (5 mm axially and tangentially) was cut from each disc and stabilised for a few weeks to have a moisture content of 12% (air dry). Thereafter, the samples were scanned using the ITRAX (with standard X-ray intensity 30 kV, 35 mA and exposure time of 20 ms), recording Xray images with a geometrical resolution of 40 measurements per millimetre (see Peltola et al. 2007) . With the Density software program (Bergsten et al. 2001 ) and excel macros, the X-ray images were further analysed to determine intra-ring density profiles for each wood specimen, and concurrently ring widths and ring densities for each ring from pith to bark, excluding one ring nearest pith and two outermost rings near the bark.
Statistical data analyses
The average intra-ring properties, ring width (RW, mm) and ring density (RD, g/cm 3 ), of the two genetic entries within each origin group (Table 1) did not differ statistically significantly (one-way ANOVA) regardless of spacing. Therefore, differences for RW and RD over the years were studied only between different spacing as an average and between different origin groups spacing by spacing ( Table 2 ). The homogeneity of the variance (Levene's test of equality of error variances) and normality of the data (Shapiro-Wilk test, Shapiro and Wilk 1965) were also tested for each variable.
In this study, our main interest was to study the effects of spacing, origin group and calendar year on ring width (RW) and ring density (RD). For that propose, a mixed model for RW and RD data was fitted in order to explore which factors (e.g. origin group, spacing and climatic variables) could explain the annual variability in the ring width and ring density. In this work, the cambial age is a nuisance trend, which needs to be modelled away to better recognise the effects of different variables.
Because all the trees were planted at the same time (and were equally old), it was not easy to separate the effect of a given calendar year from the age trend. However, we assumed that the growth up to 1 m height is largely affected by external factors, such as vegetation competition, damages or small scale variation on the site, whereas the growth trend after reaching that height was assumed to be more strongly age-driven. That is why we used the cambial age as the predictor for the age trend. However, because cambial age varied in a given calendar year depending on sample tree (maximum variation was 5 years), we could separate the effect of age trend from that of random calendar year.
The age trend was modelled using a restricted cubic spline regression (Harrell 2001) . The spline is a flexible, smooth curve that can be used for removing trends without making strict mathematical assumptions on the shape of the trend. The flexibility is controlled by the number of knots t j (j=1,…,k, where k is the total number of knots), which are placed within the range of cambial age. The age trend was modelled as spacing-specific. This yielded the following age trend for spacing s:
where X 1 is the cambial age of tree i at year t, and the other terms are the following functions of it and knots t j (see Harrell 2001 )
For RD, we used four knots t j (at the 5th, 35th, 65th and 90th percentiles of the cambial age) and for RW seven knots t j (at the 2.5th, 18.33th, 34.17th, 50th, 65.83th, 81.67th and 97.5th percentiles of the cambial age), respectively.
The origin group was included as a dummy variable as it was assumed to always have an equal effect. Furthermore, random tree and calendar year effects were included in the model to take into account the effect of within-tree and within-year variability, respectively. The modelling of random effects took into account the specific hierarchical structure of the data, making the statistical testing of the models more reliable. In addition, it made possible to extract the year effects for each calendar year to explore the effect of climatic variables on the annual variability of the response. The obtained final full model for observed RW or RD for tree i, in spacing s, in a given year t, consists of the following components:
where R sit is the observed response (RW or RD) for tree i, in spacing s, at year t, A sit is the trend related to the cambial age of the tree with spacing s, OG i is the fixed effect of the origin group, a t is the random effect related to calendar year, b i is the random tree effect and e it is the unexplained residual variation. This model was used for two purposes: first, to test the statistical significance of the fixed spacing and origin group effects on the ring width and ring density development from pith to bark. Secondly, the model was used to predict the random year effects in order to study their correlation with the climatic variables. Testing the significance of the fixed effects was done by fitting the full model (with all the fixed effects) and a restricted model (without some of the fixed effects such as genetic entry) and comparing them using the likelihood ratio test (see e.g. Pinheiro and Bates 2000) . In this test, the null hypothesis is that the restricted model satisfactorily models the response and the alternative hypothesis is that the full model is significantly better. Latter one means that the fixed effect significantly explains the variation of the response. For these comparisons, the models were fitted by the method of maximum likelihood (see e.g. Pinheiro and Bates 2000) . Once the final models (one for RW and one for RD) were found, their parameters were re-estimated using restricted maximum likelihood method to extract (practically) unbiased estimates of the random year effects. Then, the correlation between year effects and the selected climatic variables for the current and previous growing seasons were explored. The climatic variables considered were average monthly temperatures from October (previous year) to September (current year), monthly precipitation sum over the same period and temperature sum (i.e. sum of temperatures over +5°C) during the current growing period for years of 1991-2006 (i.e. May-September, see e.g. Peltola et al. 2002) . All the statistical test were considered significant at p<0.05 level. Fig. 2 Mean ring width (RW, mm) development from pith to bark in each spacing as an average over all origin groups (from 1 to 3, north to south) and for each origin group spacing by spacing (from 1 to 3, widest to narrowest). Grey lines represent observed data and black lines predicted values 3 Results
Development of ring width, cumulative diameter growth and ring density
No statistically significant differences are found for mean ring width (RW) between origin groups (OG), regardless of spacing (Fig. 2) for cambial ages between 2 and 17 years old (i.e. corresponding wood formation in 1992-2006). But regarding spacing, mean RW is lower for the narrowest spacing 3 (current stand density of 4,000 trees per hectare) compared to spacing 1 and 2 (with current stand density of 2,000-2,500 trees per hectare) ( Table 2 ). On the other hand, there is an increase in ring width after the pre-commercial thinning in spacing 2 and 3 in the year 2000 (cambial ages between 7 and 11) and the effect is the largest, on average, in spacing 2. The decrease in RW is also evident over time, regardless of spacing and/or origin group, but it starts 2 years earlier in the narrowest spacing 3 (Fig. 2) . In the year 2002 (cambial ages between 9 and 13), a peak in the mean RW can be observed, regardless of spacing and origin group, opposite to the generally decreasing trend.
No clear differences exist for the cumulative diameter growth (Dt1) at different cambial ages when comparing spacing as an average over origin groups until cambial age 11 (Fig. 3 top left) . Thereafter, the differences are statistically significant (p<0.05) between spacing 3 and spacing 1 and 2, respectively. However, no statistically significant differences exist for the Dt1 between different OG regardless of spacing until cambial age 17, but thereafter, the differences become significant (p <0.05). Fig. 3 Mean cumulative diameter growth (Dt1, mm) development for trees at different cambial ages for each spacing as an average for all origin groups (from 1 to 3, north to south) and for each origin group spacing by spacing (from 1 to 3, widest to narrowest) Similar to the mean RW, no statistically significant differences are found for the mean RD development from pith to bark over different OG regardless of spacing. For different spacing treatments, statistically significant differences are found between origin groups, but no clear pattern on those differences could be extracted. However, in spacing 1, the mean RD is, on average, lower (p<0.05) for OG 3 compared to OGs 1 and 2 for cambial ages 2, 3, 8 and 9. Furthermore, OG 1 has a higher average RD than the other OGs until the last 4 years (Cambial age 14-17) in spacing 1. Whereas, in spacing 2 and 3 the corresponding ranking between OGs varies depending on the year considered. Similar to the mean RW, for cambial age 13, the mean RD, showed a peak regardless of spacing and origin group. This is expected to be related to the higher average temperature and temperature sum during the growing periods 
Factors explaining annual development of ring width and ring density
The annual RW development from pith to bark is best explained by the linear mixed model with the following explanatory variables: age trend, spacing treatment, the interaction between spacing and age trend, and random "Tree" and "Year" effects (Table 3 ). The annual RD development from pith to bark is best explained by the origin group in addition to the same explanatory variables used in the RW model (Table 3) . Figures 2 and 4 show the predicted RW and RD, respectively, with the linear mixed models versus the measured data.
The models for RW and RD include random effects for tree and year, which explain part of the variability for RW and RD (Table 3 ). As climatic factors may partly explain the year effect variability (Fig. 5) , the correlation between random year effect and climatic variables was also studied (Fig. 6 ). However, it was found that the monthly precipi- tation sum and mean monthly temperatures from previous October to current August and the temperature sum over the current growing season (May-September) are not correlating with the year effect of RW (Fig. 6 ), unlike the mean temperature for September of current year (which is biologically not logical). However, the year effect of RD correlates with the mean temperature for June (R 2 =0.479), October mean temperature of the previous year (which is not either biologically logical) and the temperature sum over the current growing season (R 2 =0.486).
Discussion and conclusions
The main aim in this study was to investigate which variables (i.e. spacing, origin group and climatic factors) could explain the variability observed for RW and RD development from pith to bark. No statistically significant differences were found for mean RW and Dt1 development in the early phase of stand development, regardless of initial spacing or origin group. However, the age dependency of RW decrease starts, on average, 2 years earlier (cambial age 5) in the narrowest spacing 3, in which RW is smaller than in the two wider spacing 1 and 2. Differences also exist for the Dt1 between spacing 3 and spacing 1 and 2, once the cambial age reaches 11 years.
The different OGs do not show significant differences for mean RW or Dt1, regardless of spacing. Similar to the mean RW, significant differences for mean RD development for different OGs and/or spacing treatments are not observed (except for a few single years). However, trees in the wider spacing seem to have, in general, slightly lower RD than in the narrower spacing, which is in line with previous findings for Scots pine (e.g. Persson et al. 1995) . ) development from pith to bark for trees in each spacing as an average over all origin groups (from 1 to 3, north to south) and for each origin group spacing by spacing (from 1 to 3, widest to narrowest). Grey lines represent observed data and black lines predicted values
The ranking between origin groups for the mean RD varies, however, depending on the cambial age considered. Thus, there is not a clear effect of OGs for the RD.
The annual development of RW can be best explained by the linear mixed model with explanatory variables of cambial age, spacing treatment and random "Tree" and "Year" effects. Whereas, the corresponding development of RD is best explained by origin group, cambial age, spacing treatment, and random "Tree" and "Year" effects. On the other hand, the random year effects for RW do not correlate well with any studied climatic factors during the growing season (e.g. with temperature sum during the growing season or June and July mean temperature). The observed significant correlation between the mean temperature for September of current year with RW ( Fig. 6 ) does not make biological sense because in central Finland, in Scots pine most of the radial growth happens during June and July (see e.g. Henttonen et al. 2009 ).
On the other hand, the mean temperature for June of current year correlates significantly with RD, as does the temperature sum over the growing season (p <0.05). Additionally, observed significant correlation between the mean temperature for October in previous year with RD does not have to be real, as in Scots pine late wood formation and ring density dependent mainly on the prevailing temperature between July and August (e.g. Saikku 1975; Kellomäki 1979) . However, it has also been suggested that for young Scots pine trees, some climatic Fig. 6 Correlation of year effects for the ring width (left) and the ring density (right) with monthly average temperature (T) and precipitation sum (P) for the previous growing season (pOct-pDec) and the current growing season (Jan-Sep) (black line shows statistically significant correlation, p<0.05 and grey line p<0.10) factors during the previous growing season may also affect RW and RD (Mikola 1950) . In any case, it is possible that the relative short time series studied in this work and the fact that all trees were equally old affected our results (i.e. lack of statistically significant effects of climatic variables on the mean RW and RD). However, in 2002, both the mean RW and mean RD show a peak regardless of spacing and origin group, which may be related to a higher average temperature sum during the growing seasons of 2001 and 2002 than on average for the whole study period considered (see Fig. 1 ). In addition, May 2002 was the warmest month during all the years studied, inducing an earlier growth start.
In conclusion, this study revealed no significant differences for mean RW and RD development between different spacing and/or origin groups (southern, central and northern ones) in the early phase of stand development. But in general, both cambial age and spacing affected RW and RD development from pith to bark. The latter was also affected by the OG. However, the annual variation in RW could not be explained, e.g. by the temperature sum during the growing season or June and/or July mean temperature. But the mean temperature for current June and the temperature sum during the current growing season partly explained the annual variation in RD.
Unfortunately, the value of our findings is, at least in some degree, limited for practical forestry point of view, because Kanerva pine is not cultivated (at least yet) in practical forestry in Finland or elsewhere. However, despite of possible limitations of our work (limited number of genetic entries/ origin groups and spacing and relatively short length of time series), our findings on the effects of spacing on ring width and ring density development of young Scots pine trees could be taken as valuable contribution for the practical forest management point of view. This is because very wide annual rings are not desired in juvenile wood phase, as they have a negative effect on the strength properties of sawn timber.
